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Muscles in the Drosophila second thoracic segment are
patterned independently of autonomous homeotic gene function
Sudipto Roy, L.S. Shashidhara* and K. VijayRaghavan
Background: In Drosophila, segment-specific muscle pattern is thought to be
determined by the autonomous function of homeotic selector genes in the
mesoderm in combination with inductive cues from the developing epidermis and
nervous system. Here, we have examined the roles of homeotic genes in the
patterning of the somatic muscles of the thoracic segments of Drosophila.
Results: We determined the expression patterns of homeoproteins in the
mesoderm of the thoracic segments during embryonic and adult development.
We found that, unlike the mesoderm of the first and third thoracic segments
which express Sex combs reduced and Antennapedia (Antp), respectively, the
mesoderm of the second thoracic segment does not express any known
homeotic selector gene of the Antp or bithorax complex. In animals homozygous
for Antp null mutations, the muscles of the second thoracic segment were
affected in the embryo, probably as an indirect consequence of its requirement in
the ectoderm. Animals that specifically lacked Antp function in the mesoderm,
but expressed the gene in the epidermis, developed with a normal muscle
pattern in the second thoracic segment. Furthermore, specific ectopic
expression of Antp and other homeotic selector genes in the mesoderm of the
second thoracic segment respecified its muscle pattern, indicating that these
genes are not required autonomously during muscle development in this
segment. Finally, we showed that Antp continues to be expressed in the
mesoderm of the homeotically transformed third thoracic segment in the ‘four-
winged fly’, and suggest that this is a likely reason for the failure of flight muscle
development in the transformed segment.
Conclusions: We present a model for muscle development in the second
thoracic segment whereby mesodermal properties are specified entirely by
induction, in contrast to muscle development in other segments, where
autonomous function for homeotic selector genes is also required.
Background
Although the epidermis in Drosophila is known to be
patterned by the autonomous activity of homeotic selector
genes [1], our understanding of the mechanisms by which
these genes specify fates in the mesoderm and mesodermal
derivatives is relatively fragmentary [2]. Homeotic genes
are expressed in the mesoderm, and can function
autonomously in this germ layer [3–5]; however, inductive
influences from the epidermis and the nervous system also
appear to be crucial for proper muscle development and
patterning [6,7]. In order to further our understanding of
the mechanisms of pattern formation in the mesoderm, we
have examined the roles of homeotic selector genes in the
development of the somatic muscles of the thoracic seg-
ments of Drosophila.
Results and discussion
We first examined the expression patterns of homeotic
genes in the thoracic mesoderm during embryogenesis,
using monoclonal antibodies specific to the gene products.
We found that parasegment 5 (PS5) was the anterior-most
domain of Antennapedia (Antp) expression in the mesoderm
(Fig. 1a,b); mesodermal cells of this parasegment give rise
to the muscles of the third thoracic segment (T3). In the
second thoracic segment (T2), Antp expression was
detected in the nervous system and the epidermis, but no
expression was seen in the mesoderm of PS4, which forms
the muscles in this segment (Fig. 1a,b). We also found that
the Sex combs reduced (Scr) and Ultrabithorax (Ubx) genes
were expressed in the mesoderm of the first thoracic
segment (T1) and in the abdominal segments 1–5, respec-
tively, but we could not detect expression of these genes in
the mesoderm of T2 (data not shown). These results, taken
together with the information available regarding the
expression of homeotic selector genes [1,2], lead us to con-
clude that no known homeotic selector gene of the Antenna-
pedia complex (ANT-C) or the bithorax complex (BX-C) is
expressed in T2 mesoderm. 
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Embryos that are homozygous mutant for a null allele of
Antp, Antpw10, exhibited severe disorganization of the
muscle pattern in T2 and T3 (Fig. 2b,c). Because Antp is
not expressed in T2 mesoderm, we reasoned that the
muscle defects seen in T2 were due to indirect effects on
the mesoderm of the absence of Antp function in the over-
lying ectoderm. Furthermore, because Antp is expressed
in T3 mesoderm and ectoderm [8], and has been shown to
be required in T3 ectoderm [9,10], the effects on T3
muscle pattern in Antpw10 embryos must have been caused
by a combination of the autonomous requirement of Antp
in the mesoderm and the inductive influences of Antp
from the ectoderm. In order to test this reasoning, we
selectively removed Antp function from the mesoderm,
using mosaic embryos which expressed wild-type Antp in
the ectoderm only; for these experiments, we used an
ectoderm-specific GAL4 line, e22c [11], and the UAS-Antp
transgene [12], in an otherwise Antp null genetic back-
ground (Fig. 2d). We were able to distinguish Antp mutant
embryos by the absence of the first midgut constriction
(Fig. 2e,f). In the presence of ectodermal Antp expression
in such embryos, we observed that the muscle pattern in
T2 was completely rescued (Fig. 2d), indicating that
muscle patterning in this segment has a non-autonomous
requirement for Antp. 
Figure 1
Antp is expressed in the T3 mesoderm, but not in T2 mesoderm during
embryogenesis. (a) Stage 12 embryo showing expression of Antp in
the mesodermal cells of T3 (posterior-most arrow). Expression is
absent from T1 and T2 mesoderm (anterior-most and middle arrow,
respectively). (b) Stage 13 embryo showing Antp expression in the
developing somatic muscles in T3 (vertical arrow). Expression in the
central nervous system of T1 and T2 segments is indicated by
horizontal arrows. In (a), anterior is to the left and dorsal is top; in (b),
anterior is top.
Figure 2
Analysis of T2- and T3-specific muscle patterns in loss-of-function Antp
mutants and in mosaic embryos that have Antp function selectively
removed from the mesoderm. (a) Schematic representation of wild-type
muscle patterns in T2 and T3 segments. The four lateral muscles
(lateral transverse 1–4) are represented in red rectangles and their
patterns are similar in both segments; the ventral muscle patterns are
illustrated below the lateral muscles. We analyzed the phenotypes of
the lateral muscles in Antp mutants and in mosaic embryos with Antp
function selectively removed from the mesoderm, because the
phenotypic changes in these are striking and least susceptible to mis-
interpretation. The schematic of muscle patterns has been adapted
from Bate [2]. (b) Wild-type pattern of lateral muscles in T2 (left arrow)
and T3 (right arrow) in a stage 16 embryo. (c) A representative example
of disrupted muscle pattern in T2 and T3 (asterisks) in embryos
homozygous for a null allele of Antp (Antpw10). Although we have
highlighted only the lateral muscles, these embryos exhibit drastic
disorganization of almost all muscle fibres in T2 and T3. (d) Rescued
lateral muscles in T2 of an Antpw10 embryo (left arrow) in which Antp
function was provided only in the ectoderm using the e22c-GAL4 driver
and the UAS-Antp transgene in an otherwise Antp null background
(n = 25 mutant embryos were identified, half of which were expected to
carry both the e22c-GAL4 transgene and the UAS-Antp transgene;
transformation of mutant phenotypes to wild-type was observed in
n = 11 animals). Compare the rescued lateral muscles in this figure with
the wild-type pattern (left arrow, Fig. 2b) and mutant pattern in Antp null
embryos (left asterisk, Fig. 2c). Note also the rescue of the pattern of T3
lateral muscles in these embryos (right arrow). Compare this rescued
pattern with the wild-type T3 pattern (right arrow, Fig. 2b) and mutant
pattern (right asterisk, Fig. 2c). In these embryos, we also observed
rescue of other muscle fibres in both T2 and T3. Antpw10 homozygous
mutant embryos can be easily identified on the basis of midgut
constriction patterns [23,24]. See text and the Materials and methods
section for details. (e) Pattern of midgut constrictions in stage 16 wild-
type embryo (arrowheads). (f) Pattern of midgut constrictions in a stage
16 Antpw10 embryo (arrowheads). Note the absence of the first midgut
constriction. In (a–f), anterior is left.
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We also examined muscle patterns in embryos where Antp
was expressed throughout the mesoderm using a meso-
derm-specific GAL4 strain, 24B [13], and the UAS-Antp
transgene in a wild-type background. As Antp is normally
expressed in T3 mesoderm, we predicted that misexpres-
sion of Antp in T3 mesoderm should have no effect on the
muscles of this segment, and indeed we did not see any
effect on T3 muscle development (Fig. 3d, compare with
Figure 3
Gain-of-function phenotype for Antp in T2
somatic muscles in the embryo. (a) Schematic
representation of the wild-type pattern of
ventral muscles in T2 and T3. Note the
characteristic presence of three extra muscle
fibres in T3 (pink, ventral longitudinal 4; blue,
ventral oblique 3; and green, ventral acute 1)
and their absence from T2. These three extra
fibres are the only differences in muscle
patterns between T2 and T3. As an indication
of the transformation of T2 muscle pattern into
that of T3 following misexpression of Antp in
T2 mesoderm, we chose to score for the
appearance of these T3-specific ventral fibres
in T2. The schematic of muscle patterns has
been adapted from Bate [2]. (b) Wild-type
pattern of ventral muscles in T2 and T3. Note
the presence of the ventral acute fibre in T3 as
shown by the arrow, represented in green in
the schematic in (a), and its absence (asterisk)
from T2. (c) Schematic representation of the
transformation of T2 muscle pattern to that of
T3 after Antp misexpression in T2 mesoderm.
Note the T3-specific ventral muscles in T2. (d)
UAS-Antp expression driven by the 24B
mesodermal GAL4 driver [13] results in the
transformation of T2 muscle pattern to a T3-
like pattern. Note the presence of a ventral
acute muscle in T2 (asterisk) and its normal
counterpart in T3 (arrow). In (a–d), anterior is
left.
(a) T2 T3 T2 T3(c)
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Figure 4
Antp is not expressed in the adult muscle
precursors associated with the T2 wing
imaginal disc, or in the developing T2 pupal
musculature, but is expressed in the haltere
imaginal disc myoblasts in T3 and in the
developing T3 pupal muscles. (a) Notal region
of the T2 wing imaginal disc showing absence
of Antp expression in adult myoblasts (the
position of these myoblasts is shown by the
star). The nuclear staining that is visible along
the anterior margin represents Antp expression
in the epidermal cells of the disc (for further
details, see [12]). (b) Antp expression in T3
myoblasts associated with the haltere disc
(arrowhead). (c) Antp expression in myoblasts
associated with the homeotically transformed
haltere disc of the triple mutant (arrow). As in
wild-type wing discs, expression was also seen
in the anterior epidermal cells (data not shown).
(d) A 24 h APF (after puparium formation)
pupal preparation showing Antp expression in
the myoblasts that are assembling to form the
T3-specific adult musculature (thin arrow). Note
the absence of Antp expression in the
myoblasts and developing myofibres of the
IFMs of T2 (thick arrow). (e) Antp expression in
the migrating myoblasts in the homeotically
transformed T3 segment in a 24 h APF pupa of
a triple mutant (arrowheads). Only the
expanded HT3 segment is shown in this figure.
The inter-segmental nerve associated with
myoblasts, which is now transformed towards a
T2 phenotype, is shown by an asterisk. The
brown staining in (d,e) represents Antp
expression in the myoblasts of T3 and HT3,
respectively. The wing disc in (a) is shown at
higher magnification than the haltere and
transformed haltere discs in (b,c). In (a–c),
anterior is left; in (d,e) anterior is top. 
3b). However, as Antp is neither expressed nor functional in
T2 mesoderm, misexpression of Antp in this mesoderm
could affect muscle development, transforming T2 muscle
pattern towards a T3 pattern; this was found to be the case
(Fig. 3d, compare with 3b). Taken together, these results
suggest that Antp has no autonomous mesodermal function
in the development and patterning of T2-specific muscula-
ture in the embryo. They also show that Antp is the
homeotic selector gene required for autonomous specifica-
tion of segmental identity in T3 mesoderm and, when mis-
expressed in T2 mesoderm, can transform the pattern of T2
ventral muscles into that of a T3-like identity.
Analysis of mosaic embryos, in which Antp function was
provided only in the ectoderm but was specifically absent
from the mesodermal cells, also showed a significant appar-
ent restoration of T3 muscle pattern (Fig. 2d), even though
Antp is normally expressed in the mesodermal cells and
muscles of this segment. This is not surprising because T2
and T3 muscle patterns are very similar, except for three
ventral muscle fibres that develop in T3 and are absent
from T2 (Fig. 3a). Thus, when Antp was expressed in the
ectoderm of Antp– animals, T3 resembled T2, in that Antp
was expressed in the ectoderm and no homeotic selector
gene was expressed in the mesoderm. In addition, misex-
pression of Antp in T2 mesodermal cells resulted in the
ectopic development of T3-like ventral fibres in T2, sug-
gesting that Antp normally modifies the ‘ground plan’ of T2
muscles into a T3-specific pattern (Fig. 3c,d).
We next determined whether the mesodermal profile of
Antp expression during pupal development had the same
segmental restrictions as that seen in the embryo. The indi-
rect flight muscles (IFMs) develop in the T2 segment and
their progenitors are myoblasts located on the T2 wing
imaginal discs [14]. These adult muscles offer a good model
system for studying the genetics of segment-specific
muscle patterning, and their normal development has been
well documented [15,16]. We found that the T2 wing disc
myoblasts did not express Antp (Fig. 4a), whereas the
myoblasts on the T3 haltere disc did express Antp (Fig. 4b).
Animals homozygous for three Ubx mutations — anterobitho-
rax, abx; bithorax3, bx3; postbithorax, pbx — show a transfor-
mation of T3 towards T2: such ‘triple-mutant’ adults have
two pairs of wings (the ‘four-winged fly’). However, the
homeotically transformed T3 (HT3) has only rudimentary
IFMs [17,18]. We had shown earlier that the transformation
of the ectoderm from T3 to T2 in these triple-mutant
animals causes the transformation of key aspects of muscle
development: the number of myoblasts on the HT3 wing
imaginal disc and the pattern of migration of these
myoblasts during pupal development are transformed
towards a T2 identity [7]. These results demonstrated that
inductive influences are necessary but not sufficient for
muscle transformation. As the four-winged fly has rudimen-
tary/no flight muscles in HT3, we had argued that a critical
mesodermal transformation had not taken place, because
T3 mesoderm-specific selector gene expression and func-
tion is unaltered in the triple mutant [7]. Our current obser-
vations show that Antp is the selector gene in T3 mesoderm,
but we are unable to identify the expression or function of
any known selector gene in T2 mesoderm. In the Ubx
triple-mutant larvae, we found that myoblasts on HT3 wing
imaginal discs continued to express Antp (Fig. 4c), whereas
myoblasts on T2 wing discs did not (Fig. 4a). 
During the pupal development of wild-type animals, Antp is
expressed in T3 mesoderm but is absent in the T2 meso-
derm (Fig. 4d). In Ubx triple-mutant pupae, Antp expression
continues to be seen in HT3 myoblasts (Fig. 4e). If this
continued expression is a factor in the failure of IFM devel-
opment to take place in HT3, then we predicted that mis-
expression of Antp in T2 mesoderm during pupal
development could disrupt IFM development. The misex-
pression of Antp in the IFM progenitor myoblasts (Fig. 5a)
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Figure 5
Ectopic expression of Antp in T2 mesoderm during pupal development
results in disruption of flight muscle development. (a) SG29.1-GAL4
driven UAS-lacZ expression in the pupal myoblasts of the IFMs at 12 h
APF. Asterisks indicate the positions of the three larval muscles that
serve as templates for the development of one group of IFMs, the
dorsal-longitudinal muscles (DLMs). (b) SG29.1-GAL4 driven UAS-
Antp expression in the pupal myoblasts of the IFMs at 12 h APF
(arrowheads). (c) Wild-type hemithorax showing the morphology of the
IFMs. The star indicates one of the six DLM fibres. (d) Hemithorax of a
SG29.1; UAS-Antp fly showing disruption of the IFMs. Note complete
absence of the DLMs. Some of the remaining dorso-ventral muscles
are visible. In (a,b), anterior is top; in (c,d), anterior is top right corner.
was achieved using a GAL4 driver called SG29.1 (gener-
ated by an insertion in the scalloped locus; B.V. Shyamala
and K.V.R., unpublished observations). When Antp was
expressed under the control of the SG29.1 GAL4 driver
from the UAS-Antp transgene, Antp protein could be
detected in the T2 myoblasts as they migrated over the
developing pupal epidermis (Fig. 5b). This Antp misex-
pression in T2 mesoderm disrupted IFM development
(Fig. 5c,d). We have observed that Ubx, when misex-
pressed in T2 mesoderm during pupation, also disrupts
IFM development (data not shown). The failure of IFM
development to proceed when Antp is expressed in T2
mesoderm cannot be due to an inductive effect from the
ectoderm, because the GAL4 driver is not expressed in
the presumptive notum in the wing disc or in the differen-
tiating notum overlying the IFMs. Whereas the effect on
IFM development seen in SG29.1; UAS-Antp animals
could, in theory, be the result of the expression of a poste-
riorly acting homeotic gene in an anterior segment, this is
unlikely because we observe a similar failure of IFM
development when the anteriorly acting gene Scr is
expressed in T2 mesoderm (data not shown). Thus, for
T2-specific IFM development to proceed normally, it is
necessary both that no homeotic gene of the ANT-C or
BX-C is expressed in the mesoderm of this segment, and
that the ectoderm is of a T2 identity.
Conclusions
Our data show that no homeotic selector gene of the ANT-
C or BX-C is expressed or functional in T2 mesoderm.
Indeed, misexpression of Antp, the T3 mesoderm selector
gene, in T2 mesoderm disrupts muscle development in
both the wild-type embryo and adult. Thus, in the second
thoracic segment of Drosophila, homeotic selector genes do
not autonomously specify aspects of muscle pattern, but
exert their influence through inductive interactions from
the ectoderm. 
It has been shown previously that, when the functions of
almost all the homeotic genes of the ANT-C and BX-C in
the Drosophila embryo are removed, the epidermis of all
segments is transformed to an epigenetic ‘ground state’,
which resembles T2 epidermis [9,12,19,20]. We suggest
that the T2 muscle pattern represents a ground state for the
somatic mesoderm, where no homeotic selector gene of the
ANT-C or the BX-C is active to specify muscle pattern
autonomously (Fig. 6). (It is possible that one or several of
the non-homeotic selector genes, for example teashirt, could
be involved in the specification of muscle pattern in this
segment [21].) Our data suggest that, in the homeotically
transformed HT3 segment of the ‘four-winged’ fly, the
IFMs would develop with a more T2-like phenotype if
Antp expression were ablated in the mesoderm of this
226 Current Biology, Vol 7 No 4
Figure 6
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Schematic illustration of the importance of the identities of the
ectoderm and the mesoderm in the specification of muscle pattern in
the T2 of Drosophila. (a) In wild-type animals, Antp is expressed in the
T2 ectoderm (as shown in green) and is required to specify T2 pattern,
whereas no homeotic gene is expressed in the mesoderm. T2
mesoderm does not require any autonomous function of homeotic
selector genes for the specification of its segmental identity. (b) In
Antp null mutants, Antp expression is effectively removed only from the
ectoderm (represented by grey-coloured epidermis), because it is not
normally expressed in the mesoderm. Absence of Antp in the ectoderm
results in the disruption of muscle development (represented by the
distorted developing muscle fibre) as segmental properties of
ectoderm and mesoderm do not match. (c) In Antp null mutant animals
in which the GAL4/UAS system is used to replace Antp expression in
the epidermis (green) but not in the mesoderm (grey), muscle
development is unaffected, indicating the lack of requirement of Antp
in the mesoderm of T2. (d) Misexpression of Antp in wild-type
mesoderm, using the GAL4/UAS system (represented by green-
coloured myoblasts and developing muscles), alters mesodermal
identity and affects normal muscle development (represented by the
distorted developing muscle fibre), again because segmental identities
of mesoderm (now T3-like) and ectoderm (T2) are not matched.
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segment, or if the effectiveness with which the HT3 ecto-
derm is transformed towards the T2 phenotype were
increased, thereby ‘overpowering’ Antp function in the
HT3 mesoderm. The second possibility may explain the
presence of IFM-like muscles, albeit at a very low fre-
quency, in the HT3 of animals that are abx, bx3, pbx in trans
with a deficiency for the entire BX-C [22].
Materials and methods
Fly stocks
Canton-S strain was used as the wild-type stock in all control experiments
unless otherwise mentioned. The UAS-Antp transgenic strain was gener-
ously provided by Sean Carroll (University of Wisconsin, Madison). The
SG29.1 GAL4 line was generated in our laboratory by mobilization of a
pGAL4 element onto the scalloped locus. The UAS-lacZ and 24B-GAL4
lines were obtained from Andrea Brand and Norbert Perrimon (Harvard
Medical School, Boston, USA). The Antpw10 mutant stock was obtained
from the Drosophila Stock Centre, Bloomington, USA. Four-winged flies
that are homozygous for abx, bx3, pbx mutations in the Ubx gene were
generated as described previously [7]. The e22c-GAL4 strain was
obtained from the Drosophila Stock Centre, Bloomington, USA, and it
expresses GAL4 specifically in the ectoderm during embryogenesis [11].
We examined its ability to drive Antp expression using the UAS-Antp
transgene and Antp-specific antibodies and found that it could promote
uniform levels of Antp expression all over the embryonic ectoderm.
Mesodermal mosaic for Antp
In order to remove Antp specifically from the mesoderm and analyze its
effect on T2 muscle development, we collected embryos from a cross
of male flies of the genotype e22c-GAL4/+; Antpw10/+ with females of
the genotype UAS-Antp; Antpw10/+. We were able to identify unam-
biguously embryos that were homozygous for the Antpw10 mutation on
the basis of midgut morphology (Fig. 2e,f) and these embryos were
analyzed for rescue of T2 muscle pattern by staining with a rabbit anti-
fly muscle myosin antibody (n = 25). Approximately half of these
embryos (n = 11/25) showed rescue of muscle pattern in both
hemisegments of T2 because they had one copy of the e22c-GAL4
and one copy of the UAS-Antp transgenes.
Histochemical staining for b-galactosidase activity
b-galactosidase activity from the UAS-lacZ transgene was assayed by
standard procedures [15].
Immunohistochemistry and microscopy
Embryos, larval imaginal discs and pupal tissue were prepared for
immunohistochemistry as described previously [5,7]. The anti-Antp
monoclonal antibody was a gift from Danny Brower (University of
Arizona, Tucson) and was used at a dilution of 1:50. The rabbit anti-fly
muscle myosin antibody, for the detection of embryonic muscle pat-
terns, was used at a dilution of 1:500 and was obtained from Dan
Kiehart (Duke University, Durham). Fluorophore-conjugated appropriate
secondary antibodies were purchased from Jackson Immuno Research
Laboratory Inc. The Vectastain Elite Kit (Vector Laboratories) was used
for indirect immunoperoxidase assays. After immunolabelling, the
preparations were analyzed by laser scanning confocal or differential
interference contrast microscopy.
Analysis of IFM morphology
Adult hemithoraces were dehydrated through alcohol grades, cleared in
methyl salicylate, mounted in Canada Balsam and the morphology of the
IFMs was visualized using polarized light optics.
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